7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Giant magnetic anisotropy of adatoms on the

{ '.) Check for updates ‘
graphane surfacef

Cite this: Nanoscale, 2023, 15, 11909

Kuan-Rong Hao, & Yang Song and Lizhi Zhang*

Remarkable magnetic anisotropy provides more possibilities in electronic devices such as quantum infor-
mation storage and processing. Here, based on first-principles calculations, we identified a series of mag-
netic adatoms including 12 d-type and 8 p-type members with estimated high structural stability and
large magnetic anisotropy energy (MAE). Among the p-type systems, a giant MAE up to 157 meV was pre-
dicted for the Pb adatom with out-of-plane magnetization and up to 313 meV for Bi with in-plane mag-
netization. By analyzing the density of states and the p-orbital-resolved MAE, the large MAEs are found to
mainly derive from the orbital hybridization of degenerated py,, near the Fermi levels, which is induced by
the synergistic effect of the ligand field and significant spin—orbit coupling interaction. In addition, by
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comparing various magnetic configurations of Pb/Bi atomic kagome/hexagonal/triangular magnetic lat-
tices, we found that their magnetization keeps the same direction as that of the single Pb/Bi adatom,
which further confirms the robust magnetic anisotropy of the individual Pb/Bi adatom on the graphane
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Introduction

With the continuous miniaturization of magnetic units in
spintronic devices and quantum computing applications,
there is a persistent search for magnetic nanostructures with
giant magnetic anisotropy energy (MAE) and structural stabi-
lity for high density data storage in this era of the rapid devel-
opment of information technology.'® Generally, the MAE
creates an energy barrier that turns the saturated magnetiza-
tion of a system from the easy to the hard axis. Thus, the MAE
could describe the stability of the magnetization direction
against external perturbations such as magnetic fields,
thermal fluctuation, quantization and so on.”” It is well
known that significant magnetic anisotropy mainly comes
from strong spin-orbit coupling (SOC) interactions,'® large
spin orbital moment and a proper coordination field,""™"?
which provide more possibilities for seeking more suitable
magnetic storage materials with large MAE.

Recently, surface-embedded molecular magnetic structures
have initiated tremendous interest and extensive exploration
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surface. Our findings provide a promising platform for the realization of atomic scale memory.

for their fascinating physical properties and promising appli-
cations in high density magnetic storage."’" Thus far, mag-
netic properties with obvious magnetic anisotropy have been
experimentally reported, e.g., Fe and Mn atoms on a CuN
surface,® Co and Fe atoms on a Pd and Rh (111) surface,* Co
atoms on MgO,"™"* Pt (111)"* and graphene surfaces,>* Fe
atoms on MgO (100) thin film,*® and bimetallic nanoislands
grown on fcc (111) metal surfaces.>® Moreover, a series of mag-
netic metal atoms on various substrates (graphene,”” ' metal
oxides, pure metal surfaces,”*>* transition metal
dichalcogenides,**” two dimensional organic framework,*®3°
etc.) have been theoretically predicted to have large MAE.
Although great progress has been achieved, further exploration
for substrates with more stability and adatoms with larger
MAE are needed.

Herein, we performed a systematic investigation of the mag-
netization of a series of adatoms (M = 50 elements) on a gra-
phane substrate by employing first-principles calculations and
predicted 20 members with a large MAE (>1 meV), including
12 d-type and 8 p-type members. Interestingly, among p-type
systems, we predicted that large MAE of 157/313 meV could be
realized for Pb/Bi adatoms with out-of-plane/in-plane magneti-
zation, respectively. The large MAEs mainly arise from the
orbital hybridization of degenerated p,,, near the Fermi levels,
resulting from the synergistic effect of the significant spin-
orbit coupling interaction and the coordination field. In
addition, we studied various magnetic configurations of Pb/Bi
atoms in kagome, hexagonal and triangular lattices and found
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that the Pb adatoms prefer out-of-plane ferromagnetism on all
magnetic lattices, while Bi adatoms maintain antiferromagnet-
ism with an in-plane magnetization direction, further confirm-
ing the robust magnetic anisotropy of the individual Pb/Bi
adatoms. These findings contribute a new addition to the
growing list of surface-embedded molecular magnets with
large MAE, reveal the physical mechanism of the magnetic an-
isotropy, and provide more possibilities for experimental
realization of single molecular magnets.

Methods

All calculations were carried out with the Vienna ab initio
simulation package (VASP) based on density functional theory
(DFT).*>*" The projector augmented wave method was
employed to describe the interaction between the cores and
the valence electrons.””> The electron exchange-correlation
interaction was dealt with by using the Perdew-Burke-
Ernzerhof generalized gradient approximation (PBE-GGA).****
We use a 500 eV cutoff energy for the plane-wave and set the
energy convergence criteria as 10™® eV. A 6 x 6 x 1 graphane
supercell with a 15 A vacuum space was employed to simulate
a single atom M replacing a H atom absorbed on the graphane
surface. The 4 x 4, 2 x 2, 2\/3 x 2\/3 graphane supercells are
adopted for the kagome, triangular and hexagonal magnetic
lattices, respectively. The full structure optimizations were per-
formed until the maximum forces on each atom were less than
0.01 eV A™". We also considered the orbital-dependent on-site
Coulomb interactions with U = 4.0 eV, 2.0 €V, and 0.5 eV for
the 3d, 4d, and 5d transition metal elements, respectively. The
MAE is estimated as the total energy difference between the in-
plane and out-of-plane magnetic configurations (MAE =

Einplane — Eoutof-plane), Where negative and positive values of

-.....--......M
Nb4 Mo: Tc # Ru: Rh 2
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MAE represent the in-plane and out-of-plane magnetization
directions, respectively.

Results and discussion
Geometric structures and stability

We first investigated the adsorption and magnetic perform-
ances of the heavy elements Pb/Bi on a MgO (001) surface and
found that the Pb/Bi adatom exhibited strong magnetic an-
isotropy with MAE of 84/302 meV and out-of-plane/in-plane
magnetization, which agree well with previous discoveries.>*>
The adsorption energy E,q for the Bi adatom was estimated as
0.78 eV, indicating the system stability, while the calculated
E.q of 0.04 eV for Pb means that the Pb adsorbed structure is
susceptible to external perturbations (for details, see the ESIt).
Thus, we selected graphane with hydrogen defects as the new
substrate, as it has not only been successfully prepared as a Cu
and Ru surface®*®™*® but has also been found to have excellent
structural stability and novel physical performances.***° Based
on the geometric structure inset in Fig. 1, we generated a total
of 50 different structures by replacing a hydrogen atom with 50
different atoms (M). By fully optimizing the structures under
the ferromagnetic (FM) configuration in the absence of SOC,
we obtained their stable structures. Their larger adsorption
energies (listed in Table S17) indicate their structural stability
and possibility for synthesis in experiments.

Magnetic property

Considering non-collinear magnetic configurations for the
optimized structures, we identify their magnetic performances,
including magnetization directions, moments and MAE, as
illustrated in Fig. 1. It can be observed that: (i) on account of
the orbital electron configuration features, adatoms in IA, IB

d °
W‘M o ©OM ©OcC oH

Is IIB mMA IVA VA VIA

Fig. 1 Schematic structures of graphane with M adatom adsorption (M = 50 elements) and magnetic periodic table. The orange, brown, and green
balls represent M, C and H atoms, respectively. d indicates the distance between M adatom and carbon atom vertically below. The blocks marked
yellow and green represent the d-type and p-type magnetic orbital contribution, in which the numbers in the upper right corner and the bottom
represent the magnetic moment and MAE, respectively. Negative values of MAE represent the in-plane magnetization direction. The block marked
sky blue represents non-magnetic structures. Blocks with blue color indicate MAE values smaller than 1 meV. La and Po are not considered.
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and IIIA have no magnetism (colored sky blue). (ii) Adatoms in
IIA and IIB and 3d transition metal atoms exhibit weak mag-
netic anisotropy with MAE less than 1 meV (colored blue). (iii)
Most 4d and 5d adatoms belonging to the d-type show obvious
magnetic anisotropy, such as the non-negligible MAE of —27.8
eV and —34.3 eV for the W and Re adatoms, respectively. (iv)
Adatoms in groups IVA, VA and VIA belonging to the p-type
exhibit remarkable magnetic anisotropy with large MAE up to
313 meV. (v) The MAE increases with the increasing atomic
number of element M in the same group, consistent with the
strength of the spin-orbit coupling (SOC) being a quartic func-
tion of the atomic number. In total, we screened 20 members
with MAE larger than 1 meV, including 12 d-type and 8 p-type

Table 1 Calculated adsorption energy (E,q) of single Pb/Bi adatom, dis-
tance (d) between adatom Pb/Bi and below C atom, magnetic moment
(M), magnetic anisotropy energy (MAE), single ion anisotropy energy Egia
(+ and — indicate out-of-plane and in-plane magnetization, respectively)

Adatom  E.q (eV) dA)  MAE(eV) M(us)  Esa(meV)
Pb 2.01 243 157 1 90.50
Bi 1.88 241 -313 2 -384.9
a ; p—
(w) 6 | Pb w/o soc p P,
g —>,
% 3f A : p —n
kS ! 4
2" 1 |
2-3 5
()] ' *
O 6} I B
(©) [wisoc fin-plane p —_—p,
o 3f —
(V] y
5 : —>,
(” '
‘06 0 N\ L
> [ :
£ ,
= :
Q-3f E p’
(8) _[w/'soc Out-of-plane; —p,
e 3r pi):  |P2 —p,
S —>,
(2] '
50 i
2 :
5 I
& ! .
Q-3 p1’ P2
-2 -1 0 1 2

Energy (eV)

View Article Online

Paper

members, and in the following discussion, we mainly focus on
the two p-type members of Pb and Bi.

Physical analysis for magnetic anisotropy

We further investigate the microscopic mechanism of the mag-
netization directions and significant magnetic anisotropy of
Pb and Bi. As listed in Table 1, adsorption energies of 2.01 eV
and 1.88 eV were estimated for Pb and Bi (E,q of others are
shown in Table S1t), respectively, indicating strong interaction
between the adatoms and substrate. This is supported by the
distances (d) of 2.43 A and 2.41 A and apparent charge transfer
by charge density difference (see Fig. S31) between the Pb/Bi
adatom and the carbon atom vertically below, as well the
obvious orbital hybridization of the C-p, and Pb/Bi-p orbitals
arising from the unsaturated suspension bond of the C atom
(shown in Fig. S27).

The projected density of states (PDOS) of Pb and Bi
adatoms both without and with SOC were studied and are
illustrated in Fig. 2. Because of the trivial contribution of the s
orbital to SOC interaction, only the contributions of p orbitals
are presented. A very clear feature of the PDOS without SOC in
both cases is that the p, and p,, orbitals independently lie in
the relative low and high energy levels near the Fermi level and
the p,, orbitals near the Fermi level should be primarily

b) [Bi ! =
(m) 6l Bi w/o soc P|! Py
5 ! —
3 3t A ; —p
7] ' :
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=y : |
2.3t V :
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Fig. 2 Projected density of electronic states. (a) and (b) Spin-polarized PDOS of p orbitals without SOC of Pb and Bi adatoms. (c), (d) and (e), (f)
Spin-projected PDOS of p orbitals of Pb and Bi adatoms with SOC for magnetization along in-plane and out-of-plane directions, respectively. The
dashed vertical lines indicate the Fermi level and the up and down arrows represent spin-up and spin-down, respectively.
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responsible for magnetism. In addition, the p, and p, orbitals
are fully spin-polarized and highly degenerate, which can be
seen from the perfectly coincident PDOS curves of these two
orbitals in Fig. 2(a) and (b), where the spin-up and -down
states of p,, around the Fermi level are marked as p and p*,
respectively. The degeneracy features are associated with the
symmetrical ligand field of the substrate. After considering the
SOC interaction, the PDOS including in-plane and out-of-plane
magnetization are shown in Fig. 2(c)-(f). When the magnetiza-
tion is along the in-plane direction, the PDOS changes are
quite negligible from that without SOC, as the PDOS remains
the spin-up state of p on the Fermi level of the Pb adatom and
the opposite spins p and p* near the Fermi level of the Bi
adatom, as presented in Fig. 2(c) and (d). However, when the
magnetization turns to out-of-plane, the degenerate p,y
around the Fermi level exhibits a significant splitting induced
by the SOC effect as shown in Fig. 2(e) and (f). In detail, the p
(p*) states of the Pb adatom split into p; and p, (p,* and p,*),
opening a large gap between the occupied and unoccupied
states which may give the whole structure a lower energy
advantage compared to that with in-plane magnetization.>®
Similar splitting was also observed for the Bi adatom, in which
the p state splits into p, and p, below the Fermi level and p*
splits into p;* and p,* above the Fermi level. In contrast with
the Pb adatom, a smaller gap was induced by the p,, orbital
splitting compared to that of in-plane magnetization, leading
to the in-plane magnetic ground state.

According to second-order perturbation theory, the MAE
originating from the single-ion anisotropy (SIA) induced by
SOC can be described as>*™>*

)

Egia = )'2 Z |<(/7u|LZ|§00>|27‘<§0u‘LX|(/70>|2
o,u

Eu — &

where 1 is the SOC constant, L,, represent the angular
momentum operators, and &, and g, are the unoccupied and
occupied energies, respectively. We calculated the single ion
anisotropy energy Egi, for the Pb and Bi adatoms as listed in
Table 1. A positive value of Eg, indicates out-of-plane magneti-
zation and negative indicates in-plane magnetization. The Egy
of 90.5 meV and —384.9 meV for the Pb and Bi adatoms not

Egia (MeV)
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only imply that they have out-of-plane and in-plane magnetiza-
tion, respectively, but also indicate that their MAE mainly
comes from the contributions of single-ion anisotropy. We can
also see that the Egs of the Pb adatom mainly comes from the
(px, Py) and (p;, px) matrix elements shown in Fig. 3(a), where
the former is preponderant. Fig. 3(b) reveals that the Eg, of Bi
adatom is almost entirely contributed by the (p,, p,) matrix
element with a negative value. As a result, the large magnetic
anisotropy in these p-type adatoms mainly originates from the
splitting and hybridization of the p, and p, orbitals induced by
the combination of the ligand field and spin-orbit coupling.

Three magnetic atomic lattices

To obtain more magnetic and electronic information about
both adatoms, we designed three different atomic magnetic
lattices (kagome, triangular and hexagonal lattices) of Pb/Bi
adatoms and their geometric structures are illustrated in
Fig. S2.1 In order to determine their ground states, we calcu-
lated the total energy for the possible spin configurations
shown in Fig. 4 and found that Bi adatoms tend toward AFM
configurations along the in-plane direction in all magnetic lat-
tices, while the Pb adatom prefers the FM state with the out-of-
plane direction, as shown in Table 2. It is worth mentioning
that the preference for the easy axis of the Pb and Bi atoms in
the three magnetic lattices is the same as that of their individ-
ual adatoms. The MAE of Pb atom are measured as 19.3, 11.0
and 8.8 meV in the kagome, triangular and hexagonal lattices,
respectively, and are distinctly lower than that of a single Pb
adatom. For the optimal structures, the structural stabilities
were examined using the adsorption energy E,q and the values
in the range of 2.97-4.64 eV per atom suggest high structural
stability. In addition, we calculated their electronic properties
and the band structures are shown in Fig. S5(a)-(f).f We
found that the kagome and hexagonal lattices of Pb are FM
semiconductors with low gaps and the structure of Pb triangu-
lar lattice holds its metallic feature with a node-line. Bi-related
structures are all estimated to be AFM semiconductors with
apparent band gaps. The above findings mean that those
kinds of structures are expected to be potential candidates for
two-dimensional (2D) AFM Mott insulators, FM topological
insulators and other 2D topological quantum materials.

Fig. 3 Orbital-resolved SIA energy of two kinds of adatoms Pb (a) and Bi (b). Different colors represent the contributions to Eg s from different mag-
netization directions, in which red represents the contribution from the out-of-plane direction and blue indicates the in-plane.
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Fig. 4 Considered magnetic configurations on three different magnetic lattices. (a) Ferromagnetic (FM) and (b) coplanar antiferromagnetic (AFM)
configurations considered on the kagome lattice; (c) ferromagnetic (FM), (d) antiferromagnetic (AFM1) and (e) coplanar AFM (AFM2) configurations
calculated on the triangular lattice; (a) FM, (b) Néel AFM (NAFM), (c) stripe AFM (SAFM) and (d) zigzag AFM (ZAFM) calculated on the hexagonal
lattice. The magnetic unit cells and spin directions are indicated by red dashed lines and colored arrows, respectively.

Table 2 Calculated magnetic ground state, magnetization direction, magnetic moment (M), magnetic anisotropy energy (MAE), band gap of Pb or
Bi adsorbed structures with different lattices. d; (A) is the distance between the two nearest adatoms. K, T, and H represent the kagome, triangular

and hexagonal lattices, respectively

Adatom Mag. lattice d; (A) Mag. state Mag. direction M (ug) MAE (meV) Gap (eV)
Bi K 5.082 AFM In-plane 2 — 0.82

T 5.090 AFM2 In-plane 2 — 0.71

H 5.075 NAFM In-plane 2 — 0.56
Pb K 5.063 FM Out-of-plane 1 19.3 0.09

T 5.070 M Out-of-plane 1 11.0 0.00

H 5.074 FM Out-of-plane 1 8.8 0.18
Conclusions Acknowledgements

In this article, by means of first-principles calculations, we
thoroughly explored the magnetic properties of 50 atoms
adsorbed on graphane substrate and obtained a comprehensive
magnetic atlas. In total, we predict 20 structures with MAE larger
than 1 meV, including 12 d-type and 8 p-type members. We
mainly focus on the p-type and take Pb/Bi adatoms as examples
to find the underlying microscopic mechanism of the significant
magnetic anisotropy. The huge MAE mainly originates from the
splitting and hybridization of the p, and p, orbitals induced by
the combination of the ligand field and spin-orbit coupling.
Furthermore, the magnetic and electric properties of three mag-
netic atomic lattices are explored and we found that Pb/Bi
adatoms exhibit FM/AFM ground states with out-of-plane/in-
plane easy axes, respectively. This work provides vital theoretical
guidance for the realization of giant magnetic anisotropy at the
atomic scale, which deserves further experimental investigation
and may have implications for information storage.
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